
Article
Highly Efficient AuPd Catalyst for Synthesizing
Polybenzoxazole with Controlled
Polymerization
Chao Yu, Xuefeng Guo,

Zhouyang Yin, ..., Pradeep

Guduru, Christopher T. Seto,

Shouheng Sun

christopher_seto@brown.edu (C.T.S.)

ssun@brown.edu (S.S.)

HIGHLIGHTS

Establishes a controllable seed-

mediated growth of AuPd

nanoparticles

Builds a relationship between the

sizes of nanocatalyst and

macroscopic product

Develops a heterogeneous and

stable nanomaterial for tandem

polycondensation

Offers a greener synthesis to solve

the practical hydrolysis problem

of Zylon
Metal nanoparticles (NPs) have been extensively studied as heterogeneous

catalysts for chemical reactions of small molecules. However, using these NPs to

catalyze multi-component reactions into complex molecular structures, for

example, polymers, has been rarely reported. We demonstrate a size-dependent

catalysis of AuPd alloy NPs for synthesizing highly pure rigid organic polymer

polybenzoxazole (PBO) with controlled polymerization in a one-pot reaction

condition. The PBO shows the enhanced thermal, chemical, and mechanical

stability under challenging environmental conditions.
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Progress and Potential

Dimension- and property-

controlled nanoparticles (NPs)

have become attractive new

classes of heterogeneous

catalysts for various chemical

reactions, especially tandem

reactions, by reducing the

numbers of reaction steps and by

increasing the reaction

efficiencies toward targeted

products. Here, we report an

AuPd NP system as an active and

stable catalyst to catalyze one-pot

reaction of formic acid, 1,5-

diisopropoxy-2,4-dinitrobenzene,

and terephthaldehyde, leading to

the controlled polymerization and

formation of polybenzoxazole

(PBO). The highly pure PBO shows

excellent thermal stability up to

600�C and improved chemical

and mechanical stability

compared with phosphoric acid-

contaminated commercial PBO

(Zylon, Mw = 40 kDa). The

reported NP-catalyzed one-pot

polymerization can be easily

extended to prepare various rigid

organic polymers that are

important for ballistic fiber, anti-

flame, smart-textile, and ionic

separation membrane

applications.
SUMMARY

Using nanoparticles (NPs) to catalyze chemical reactions for the formation of

functional polymers with controlled polymerization is an important field of

chemical research. In this article, we report an AuPd NP system as an active

and stable catalyst to catalyze one-pot reaction of formic acid, 1,5-diisopro-

poxy-2,4-dinitrobenzene, and terephthaldehyde, leading to the controlled

polymerization and the formation of polybenzoxazole (PBO) (Mw = 3.6 kDa).

The one-pot reaction is AuPd NP size and composition dependent, and 8-nm

Au39Pd61 NPs are the best catalyst for the polymerization. The highly pure

PBO shows excellent thermal stability up to 600�C and improved chemical

and mechanical stability under challenging environmental conditions compared

with commercial PBO (Zylon,Mw = 40 kDa). The reported NP-catalyzed one-pot

reaction to polymerization is not limited to the formation of PBO but can be

extended as a general approach to rigid polymers that are important for ballistic

fiber, anti-flame, and smart-textile applications.

INTRODUCTION

Advances in nanoparticle (NP) synthesis have motivated extensive research into

defining the ‘‘tuning knobs’’ that can be used to control the physical and chemical

properties of NPs.1–8 One of these properties is catalysis. Various NPs, especially

metallic NPs, have been explored as efficient catalysts to promote chemical reac-

tions in much milder and greener reaction conditions, which have recently been

highlighted extensively in reactions such as water splitting, hydrogen evolution reac-

tion, oxygen reduction reaction, and CO2 reduction.9–15 Some of the noble metal

NPs based on Pt, Pd, Ru, Au, and Ag are of special interest in catalyzing miscella-

neous organic functionalization reactions due to their desired activity and stabil-

ity.16–25 The preparation of monodisperse NPs further allows the NP catalysis to

be tuned in a size-, structure-, and morphology-dependent manner, making it

possible to optimize NP catalysis for chemical reactions. However, these previous

studies on NP catalysis focus nearly exclusively on chemical reactions to small or-

ganics and very rarely on multi-component reactions that lead to the formation of

functional materials, for example, polymers, under green chemistry reaction

conditions.

Controlling the degree of polymerization is an essential step in obtaining polymer

materials with desired macroscopic chemical and physical properties for various ap-

plications. Conventional syntheses rely on reactions among monomers under
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reaction conditions whereby chain transfer agents are typically needed to control

polymerization degrees. These processes have been applied to produce many

different kinds of polymers of commercial importance, such as Kevlar, Dacron,

Kodel, Lexan, Lycra, and Zylon. Despite the common uses of these conventional

methods for polymer productions, the reactions still have issues in rationally control-

ling the degrees and purities of polymerizations. Here, we report a new process of

synthesizing highly pure polybenzoxazole (PBO) with controlled polymerization via

AuPd NP-catalyzed one-pot reaction. PBO, or Zylon for the commercial product,

is a subclass of polybenzoazoles. The highly aromatic nature and conjugated struc-

ture of alternating benzoxazole and phenyl rings provides the polymer with the

highest yarn tensile strength (5.8 GPa), stiffness (270 GPa), and relatively low density

(1.5–1.7 g cm�3) among all commercial synthetic polymers.26–29 These characteris-

tics render the polymer with exceptionally superior tensile modulus and strength

as well as thermal and mechanical stability, making it a promising new fiber material

for applications in body armor, flame retardation, smart electronic textiles, and

ionic separation membranes.30–33 However, PBOs are conventionally made by

condensing diaminobenzene diol and terephthalic acid with polyphosphoric acid

as both solvent and catalyst. As a result, they are inevitably contaminated with phos-

phoric acid (PA) units that can catalyze the hydrolysis of the benzoxazole ring upon

its exposure to humid and lighted environments (Figure S1), causing unexpected

and fast degradation of the mechanical integrity of the polymer fibers.34–36 Our

new AuPd NP-catalyzed one-pot reaction of formic acid, 1,5-diisopropoxy-2,4-dini-

trobenzene, and terephthaldehyde to PBO is NP size- and composition-dependent,

and among the 4-, 6-, 8-, and 10-nm AuPd NPs studied, 8-nm Au39Pd61 NPs are the

most efficient in catalyzing the reaction to the highest degree of polymerization (mo-

lecular weight [Mw] = 3.6 kDa). Compared with the Zylon (Mw = 40 kDa), our ‘‘lighter’’

PBO has not only comparable thermal stability (over 600�C) but also much improved

chemical and mechanical stability against water- and organic-solvent-induced poly-

mer degradation. Molecular mechanics (MM) and density functional theory (DFT)

simulations reveal that both surface strain and surface geometry of the AuPd NPs

contribute to the size-dependent polymerization. Our studies show a general

approach to NP-controlled catalysis applied to polymerization.
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RESULTS AND DISCUSSION

Recently, AuPd alloy NPs were studied as stable catalysts to dehydrogenate formic

acid into H2 for hydrogenation reactions.37–40 These AuPd NPs were previously pre-

pared by co-reduction methods, under which it is difficult to control both sizes and

compositions of the NPs. We modified the synthesis and developed a unique seed-

mediated growth-diffusion method to prepare AuPd NPs with well-controlled sizes

and compositions. In our synthesis, 4-, 6-, 8-, and 10-nm Au NPs were first prepared

as described.41 Then, in the presence of Au seeding NPs, a controlled amount of

Pd(acac)2 was reduced in oleylamine (OAm) and oleic acid (OAc) (v/v = 50:1) at

260�C to yield AuPd NPs (see Supplemental Information). We further deposited

these AuPd NPs onto a Ketjen carbon support (C) and annealed the supported

NPs, NPs/C, under forming gas at 500�C for 10 min to obtain catalytically active

AuPd alloy NPs. Figure 1 shows representative transmission electron microscopy

(TEM) images of 8-nm Au seeding NPs (Figure 1A) and 8.2 G 0.4 nm AuPd/C (Fig-

ure 1B) (TEM images of other Au NPs and AuPd NPs are given in Figures S2A–S2C

and S3A–S3C, respectively). Starting from 4-, 6-, 8-, and 10-nm Au NPs, we obtained

4.3 G 0.2, 6.4 G 0.3, 8.2 G 0.4, and 10.5 G 0.2 nm Au39Pd61 alloy NPs, showing a

very small NP size increase after the alloy formation. For simplicity of presentation,

these AuPd NPs are denoted as 4-, 6-, 8-, and 10-nm NPs in this paper. The alloy
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Figure 1. Preparation and Characterization of AuPd Alloy NPs

(A) TEM image of 8-nm Au NPs, scale bar: 50 nm.

(B) TEM image of 8.2 G 0.4-nm Au39Pd61 NPs deposited on (C), scale bar: 50 nm.

(C) HAADF-STEM image of the Au39Pd61/C and elemental mapping of NPs to show Au (red) and Pd

(green) distribution within the NPs, scale bar: 10 nm.
structure of the NPs was characterized by high-resolution TEM (HRTEM) (Figure S4),

high-angle annular dark field (HAADF) scanning TEM (STEM) and elemental map-

ping (Figure 1C), X-ray diffraction analysis, and X-ray photoelectron spectroscopy

(XPS) (Figures S5–S7 and Table S1). From these analyses, we conclude that homoge-

neous alloy AuPd NPs with a face-centered cubic structure are obtained.

The controls achieved in preparing AuPd NPs allow us to study size- and composi-

tion-dependent catalysis for reactions leading to the formation of small subunits

of PBO. In this test, we studied formic acid (FA)-induced reduction of 1,5-diisopro-

poxy-2,4-dinitrobenzene and the subsequent condensation of the 1,5-diisopro-

poxy-2,4-aminobenzene product with benzaldehyde to form (1E,10E)-N,N0-(4,6-dii-
sopropoxy-1,3-phenylene)-bis(1-phenylmethanimine) (denoted as bis-imine) in

N-methylpyrrolidone (NMP) solvent (Figure 2A). We attached isopropyl groups to

the oxy-nitrobenzene structure to ensure that both reactants and products were sol-

uble.42 The results of the AuPd-catalyzed reactions are summarized in Figures 2B

and 2C, fromwhich we conclude that 8-nm Au39Pd61 NPs are themost active catalyst

for the reduction/condensation reaction (Figure 2A).

The 8-nm Au39Pd61/C (2.5 mol %) was used to catalyze FA-induced reduction of 1,5-

diisopropoxy-2,4-dinitrobenzene and subsequent condensation with terephthalal-

dehyde in NMP to form poly(p-phenylene-(4,6-diisopropoxy-1,3-phenylene)dietha-

nimine), denoted as pre-PBO, which was further subject to heating treatment at

300�C under a N2 atmosphere for 6 h to remove isopropyl groups and promote

ring closure for the formation of PBO (Figure 3). From TEM (Figure S8) and ICP-

AES (inductively coupled plasma atomic emission spectroscopy) elemental analyses,

we concluded that the NPs have no composition change before and after
Matter 1, 1631–1643, December 4, 2019 1633



Figure 2. Au39Pd61-Catalyzed Reaction between 1,5-Diisopropoxy-2,4-Dinitrobenzene and

Benzaldehyde

(A) A new synthetic route for producing a bis-imine via the condensation of 1,5-diisopropoxy-2,4-

dinitrobenzene and benzaldehyde.

(B and C) The yields of bis-imine with different compositions of 8-nm AuPd (B) supported on (C).

Reaction conditions: AuPd/C (2.5 mol %), 1,5-diisopropoxy-2,4-dinitrobenzene (1 mmol),

benzaldehyde (2.1 mmol), NMP (3 mL), and FA (10 mmol); 80�C, 6 h. (C) The yields of bis-imine with

four different sizes of Au39Pd61/C as tandem catalyst. Reaction conditions: Au39Pd61/C (2.5 mol %),

1,5-diisopropoxy-2,4-dinitrobenzene (1 mmol), benzaldehyde (2.1 mmol), NMP (3 mL), and FA

(10 mmol); 80�C, 6 h.
polymerization reaction. We further performed cyclic voltammetry (CV) studies of

the AuPd catalyst to study NP redox property change, which is sensitive to the NP

surface structure. We studied the catalyst CV in 0.5 M H2SO4 at a scan rate of

50 mV s�1 in the potential range from 0 V to 1.7 V (versus reversible hydrogen elec-

trode [RHE]) (Figure S9). We can see that the reduction peaks of the oxidized Au (at

1.12 V) and Pd (at 0.55 V) are nearly identical, indicating that there is no surface struc-

ture change of the catalyst during the polymerization process. The reduction peak

area can be integrated to obtain the Au/Pd composition information, and we see

no obvious surface composition change after the polymerization reaction (Table

S2). We also studied XPS of the alloy catalyst (Figure S10). We see no obvious Au/

Pd binding energy (Figure S10) and atomic percentage change of the catalyst before

and after the reaction (Table S2). Summarizing the Au/Pd composition information

we obtained from ICP-AES, CV, and XPS (Table S2), we conclude that our AuPd alloy

catalyst is not only active but also stable in the polymerization process.

Thermal gravimetric analysis (TGA) under a N2 atmosphere showed that the pre-PBO

has a weight loss of 25.7%, which agrees well with the calculated weight loss of

27.3% for the pre-PBO/PBO conversion (Figure S11). Infrared spectra of the newly

prepared PBO show characteristic benzoxazole C=N, C–N, and C–O vibration peaks

at approximately 1,620, 1,360, and 1,054 cm�1, respectively, which are similar to

that of the commercial PBO, Zylon (Figure S12). UV-visible (UV-vis) absorption

spectra taken in methanesulfonic acid solutions of PBO and Zylon show the nearly

identical absorption and photoluminescence (PL) peaks (Figure S13), indicating

the highly aromatic nature and conjugated structure of alternating benzoxazole

and phenyl rings within PBO and Zylon.43 The two split absorption peaks of

404 nm and 428 nm for PBO are induced by intermolecular interactions, consistent

with that of the Zylon sample.44 A more interesting aspect of this reaction is that the

degree of polymerization is dependent on the size of the AuPd NPs. Among 4-, 6-,

8-, and 10-nmAuPd NPs tested, pre-PBOwas formed with anMw of 2.1, 2.4, 3.6, and

3.0 kDa, respectively, as measured by gel-permeation chromatography (GPC)

(Figure S14A). The 8-nm NPs induced the highest degree of polymerization in the
1634 Matter 1, 1631–1643, December 4, 2019



Figure 3. A New Synthetic Route for Producing PBO
one-pot reaction process. The catalyst was also reusable: our preliminary tests show

that after three reaction runs, the polymer prepared from each run had similar Mw

and the NP catalyst showed no obvious composition and morphology change (Fig-

ures S8 and S14B). ICP-AES measurements show that the PBO synthesized using our

method is metal- and PA-free. As a comparison, Zylon contains 0.5% (by weight) of P,

which means that there is one PA group for every �25 repeating PBO units.

A large concern of PBO-based materials has been its long-term thermochemical and

mechanical stability, which has been attributed to accelerated hydrolysis due to re-

sidual phosphorus contaminants from the PA used in their synthesis.34–36 As the PBO

generated through our method is PA-free, it allows us to study for the first time the

intrinsic stability properties of this PBO in different environmental conditions. We

first performed the TGA of our PBO and the commercial PBO Zylon under a N2 atmo-

sphere (Figure 4A). Our pristine PBO (Mw = 3.6 kDa) displays an onset decomposi-

tion temperature at 600�C, whereas Zylon (Mw = 40 kDa) has it at 650�C. After immer-

sion in water or DMSO under ambient conditions for 1 month, the onset

decomposition temperature for Zylon and PBO were comparable (610�C and

600�C, respectively; Figure 4A). After the samples were immersed in boiling water

for 5 days, the onset decomposition temperature of Zylon was reduced to 500�C,
while the PBO was still at �600�C (Figure 4B). The difference in PBO and Zylon ther-

mal stability was also observed in 5% (T5) and 20% (T20) mass loss temperatures. Zy-

lon displayed a significant depression of T5 (587�C) and T20 (689�C) than the PBO

(T5/T20 at 635�C/693�C). To confirm that use of PA in the synthesis can lead to the

fast hydrolysis of PBO, we immersed both Zylon and our PBO samples in boiling

0.5% PA aqueous solution for 5 days and then measured their thermal and mechan-

ical properties (Figures 4B and 4C). The onset decomposition temperature of Zylon

drops even further to �450�C, while that of the PBO is at �550�C. This PA-induced
hydrolysis study supports the notion that the presence of PA can accelerate PBO hy-

drolysis, and our PA-free PBO made from the one-pot catalytic reaction is more sta-

ble against this hydrolysis degradation than the PA-contaminated Zylon. Tensile

stressmeasurements on 7.6-mm-thick PBO and 10.5-mm-thick Zylon films (Figure S15)

revealed that the higher Mw Zylon film was stronger prior to environmental chal-

lenges (Figure 4C). After immersing the samples in boiling water or boiling 0.5%

PA aqueous solution for 5 days, Zylon was subject to a more significant drop in me-

chanical strength to 15.1MPa than the PBO film to 21.4MPa (Figure 4C). Our studies

demonstrate that the highly pure PBO, even at a significantly lower degree of poly-

merization than Zylon, can display improved thermal and mechanical stability after

accelerated hydrolysis conditions.

To understand why the catalytic formation of PBO in the one-pot reaction depends

on the size of AuPd NPs, we analyzed the model reaction of FA-induced reduction of

1,5-diisopropoxy-2,4-dinitrobenzene and the amine condensation with benzalde-

hyde (Figure 2A) in three reaction steps: FA dehydrogenation, reduction of the nitro

groups, and condensation of the diamine with aldehyde. From the NP size-depen-

dent dehydrogenation of FA (Figure S16A), we can see that the 4-nm NP catalyst

provides the highest initial turnover frequency (TOF) value. As the size increases,
Matter 1, 1631–1643, December 4, 2019 1635



Figure 4. The Thermal Stability and Mechanical Properties of the as-Prepared PBO

(A) TGA data for Zylon and PBO after immersing in H2O or DMSO at ambient temperature for

1 month.

(B) TGA data for Zylon and PBO after immersing in boiling water and boiling 0.5% PA aqueous

solution for 5 days.

(C) Tensile strength of Zylon and PBO as a function of time at a rate of 0.1 mmmin�1 before and after

immersing in boiling water and boiling 0.5% PA aqueous solution for 5 days.
the activity drops and the TOF decreases from 223 to 170 h�1. A similar trend is

observed for the hydrogenation of 1,5-diisopropoxy-2,4-dinitrobenzene (Fig-

ure S16B). However, for the condensation of two equivalents of benzaldehyde

with 1,5-diisopropoxy-2,4-diaminobenzene, larger NPs (8 and 10 nm) are more effi-

cient, and 8-nm NPs are the best catalyst for the reaction (Figure S16C), which is

consistent with what we observed in Figure 2C and in the PBO synthesis. We should

clarify here that the presence of AuPd NPs in the reaction solution is essential for the

condensation reaction step (Table S3). Without AuPd NPs as the catalyst, the

condensation reaction could not proceed smoothly and could only produce the

imine product in <35% yield. FA dehydrogenation on metal surfaces has been stud-

ied by DFT,45 which indicates that H* binds too strongly on pure Pd (111) but too

weakly on pure Au (111). Using combined classical MM46 and DFT simulations, we
1636 Matter 1, 1631–1643, December 4, 2019



Figure 5. Strain Distributions on the Au39Pd61NPs and Free Energy Diagrams of the Three Reaction Steps

(A) Atomistic model of Au39Pd61 NP.

(B) Color-coded strain distribution on the (111) facets of AuPd NPs with different diameters.

(C) Average surface compression on the NPs as a function of their diameter.

(D) Free energy diagram for the FA dehydrogenation on the (111) surface of the NP under zero strain (black) and 2% compression (red).

(E) Free energy diagram for the hydrogenation of 1,5-diisopropoxy-2,4-dinitrobenzene on the NP under zero (black) and 2% compression (red).

(F) Free energy diagram for the condensation of 1,5-diisopropoxy-2,4-diaminobenzene and benzaldehyde on the NP under zero (black) and 2%

compression (red). The adsorption geometries are shown in the insets: yellow, cyan, gray, blue, red, and white spheres represent Au, Pd, C, N, O, and H

atoms, respectively.
can elucidate the observed size-dependent polymerization on the AuPd NPs. From

the strain distribution on the Au39Pd61 NP (111) surface (Figure 5A), we find that the

smaller NPs exhibit a higher degree of compression (Figure 5B), and the average sur-

face compression on 4-, 6-, 8-, and 10-nmAu39Pd61 NPs is 1.37%, 1.08%, 0.86%, and

0.66%, respectively (Figure 5C). The free energy diagrams are calculated to estimate

the overpotential for each reaction step (Figures 5D–5F). We find that on an AuPd

slab without the compressive strain, the metal surface binds H* too strongly, result-

ing in a high overpotential of 0.62 V; on an AuPd surface with 2% compression, the

overpotential is lowered to 0.5 V. Since 4-nm NPs have the largest surface compres-

sion of 1.37%, they should be themost active catalyst for FA dehydrogenation. In the

-NO2 hydrogenation reaction step, migration of surface H* toward O–NO is the only

endothermic reaction step (Figure 5E); the surface compression decreases the

migration energy barrier and promotes the hydrogenation reaction. Thus, the

smaller the NPs (4 nm in the study), the higher the activity. In the condensation reac-

tion step, the formation of the C–N bond is the rate-determining step, which is also

enhanced by the surface compression thanks to weakened adsorption of the amino

and carbonyl groups (Figure 5F). On the other hand, the condensation reaction in-

volves two large molecules (amine and aldehyde), requiring larger NPs for the reac-

tion (Figure S17). Otherwise, the reactants are too close to the undercoordinated

edge sites, lowering the reaction activity (Figure S18).47 By taking both strain and

geometric factors into consideration, we conclude that 8-nmNPs are the most active

for catalyzing the condensation and further polymerization reactions.

Conclusions

We report a newNP-based catalytic approach to synthesize functional polymers with

controlled polymerization, purity, and properties. Using the rigid organic polymer

PBO as the model system, we have demonstrated that AuPd alloy NPs are especially
Matter 1, 1631–1643, December 4, 2019 1637



efficient at catalyzing multiple chemical reactions in one pot, including FA dehydro-

genation, nitro-hydrogenation, and amine/aldehyde condensation, to form PBO.

The AuPd NPs show both size- and composition-dependent catalytic polymeriza-

tion, and 8-nm Au39Pd61 NPs are the most efficient catalysts for the formation of

PBO (Mw = 3.6 kDa). The PBO shows excellent thermal stability up to 600�C, which
is comparable with the commercial PBO (Zylon,Mw = 40 kDa). More importantly, this

‘‘lighter’’ PBO exhibits much improved chemical and mechanical stability compared

with Zylon after exposure to water, DMSO, or even 0.5% PA aqueous solution under

either ambient or boiling conditions. Our new synthesis solves the long-standing

PBO purity and degradation problems by demonstrating that the AuPd NP-cata-

lyzed one-pot reaction is key to obtaining highly pure PBO, and chemical purity is

essential for the PBO to maintain its thermomechanical stability. The NP catalyst is

stable in the polymerization conditions and can be separated easily from the reac-

tion system and recycled for the next round of reaction. This AuPd alloy NP-cata-

lyzed reaction is not limited to the formation of PBO, and we are actively working

to extend this method as a general approach to prepare highly pure rigid organic

polymers with more rational control of polymerization for broad ballistic fiber,

anti-flame, smart-textile, and ionic separation membrane applications.

EXPERIMENTAL PROCEDURES

Synthesis of 4-nm Au Seeds

HAuCl4 (0.2 g) was dissolved in 10 mL of tetralin and 10 mL of OAm at 4�C under Ar

flow and vigorous magnetic stirring. BBA (0.5 mmol) was dissolved in 1 mL of tetralin

and 1 mL of OAm via sonication. The solution was then injected into the HAuCl4 so-

lution. The mixed solution was then stirred for 1 h at 45�C before 40 mL of acetone

was added to collect Au NPs via centrifugation (8,500 rpm, 8 min). The product was

dispersed in 20 mL of hexane, precipitated out by adding 40 mL of ethanol and

centrifugation, and redispersed in hexane.

Synthesis of 6-nm Au Seeds

HAuCl4 (0.2 g) was dissolved in 10 mL of tetralin and 10 mL of OAm at 4�C under Ar

flow and vigorous magnetic stirring. BBA (0.5 mmol) was dissolved in 1 mL of tetralin

and 1 mL of OAm via sonication. The solution was then injected into the HAuCl4 so-

lution. Themixed solution was then stirred for 1 h at 4�Cbefore 40mL of acetone was

added to collect Au NPs via centrifugation (8,500 rpm, 8 min). The product was

dispersed in 20 mL of hexane, precipitated out by adding 40 mL of ethanol and

centrifugation, and redispersed in hexane.

Synthesis of 8-nm Au Seeds

30 mg of 6-nm Au NPs was added to a solution made from 10 mL of ODE, 10 mL of

OAm, and 0.1 g of HAuCl4 at room temperature under Ar flow and vigorous mag-

netic stirring. The reaction solution was then heated to 80�C at 5�C min�1 and

kept at this temperature for 2 h. The reaction solution was cooled down to room tem-

perature and the 8-nm Au NP product was separated as described for the synthesis

of 6-nm Au NPs.

Synthesis of 10-nm Au Seeds

30 mg of 8-nm Au NPs was added to a solution made from 10 mL of ODE, 10 mL of

OAm, and 0.12 g of HAuCl4 at room temperature under Ar flow and vigorous mag-

netic stirring. The reaction solution was then heated to 80�C at 5�Cmin�1 and kept at

this temperature for 2 h. The reaction solution was cooled down to room tempera-

ture and the 8-nm Au NP product was separated as described for the synthesis of

6-nm Au NPs.
1638 Matter 1, 1631–1643, December 4, 2019



Seed-Mediated Synthesis of Au39Pd61/C from 4 to 10 nm

76mg of Pd(acac)2, 15 mL of OAm, and 0.30mL of OAc were mixed under N2 at 70�C
for 30min to form a clear solution, then 18mg of Au seeds from 4 to 10 nm dispersed

in 2 mL of hexane was dropped into the solution. The solution was heated to 260�C
at 2�C min�1 and kept at 260�C for 1 h before it was cooled to room temperature.

The Au39Pd61 NPs were separated by adding 100 mL of ethanol and centrifuging

at 9,500 rpm for 8 min. The product was purified by dispersing in hexane and floc-

culating with ethanol and precipitating by centrifugation (9,500 rpm, 8 min). The pu-

rification process was repeated once, and the final NP product was redispersed into

hexane for further use. Au39Pd61 NPs (10 mg) were dissolved in hexane in a 100-mL

vial and 100 mg of Ketjen carbon support was carefully added. This colloidal mixture

was sonicated for 2 h. The reaction mixture was then cooled down to room temper-

ature. Ethanol (120 mL) was added, and the mixture was centrifuged at 8,000 rpm for

8 min. This procedure was repeated twice. The Au39Pd61/C NPs were recovered by

adding acetone. Acetone was evaporated and the resultant Au39Pd61/C NPs were

weighed, followed by annealing under 95% Ar + 5% H2 at 500�C for 10 min, which

produced Au39Pd61/C NPs with different sizes for further study.

Formic Acid Dehydrogenation

A two-necked reaction flask (25 mL) containing a Teflon-coated stir bar was placed

on a magnetic stirrer with a thermostat set to 50.0�CG 1�C by using a constant-tem-

perature bath. A gas burette filled with water was connected to one neck of the flask

(the other neck was sealed) to measure the volume of gas mixture evolved from the

reaction. Aqueous suspension of the catalyst (9.64 mL) was transferred into the reac-

tion flask, and 0.36 mL (9 mmol) of FA was added into the stirred (800 rpm) solution.

The volume of gas mixture evolved was measured by recording the volume of water

displaced. The reaction was considered to cease when gas generation was no longer

observed.

TOF Calculation

The turnover frequency reported in herein is an apparent TOF value based on the

number of Au and Pd atoms in catalysts, which is calculated from the equation as

follows:

TOF = P0V=ð2RTnAu+PdtÞ;
where P0 is the atmospheric pressure, V is the final volume of H2 + CO2 gas, R is the

universal gas constant, T is the reaction temperature (353 K), nAu+Pd is the total mole

number of Au and Pd atoms in catalyst, and t is the completion time of the reaction.

The average TOF of the initial 10 min was adopted for the TOF values.

Bis-Imine Synthesis

To a mixture of 1,5-diisopropoxy-2,4-dinitrobenzene (1 mmol), benzaldehyde

(2.1 mmol), NMP (3 mL), FA (10 mmol), and AuPd/C (2.5 mol %) was added. After re-

acting for 6 h at 80�C, the catalyst was filtered and rinsed with water. The solvent was

removed under vacuum and the residue was purified by flash column chromatog-

raphy (hexane/ethyl acetate = 8:1) to give the bis-imine product. All the catalytic

tests were performed under the same metal loading, with variance only in Au, Pd ra-

tio, or nanoparticle size.

Synthesis of 1,5-Diisopropoxy-2,4-Dinitrobenzene

To a mixture of potassium carbonate (5.5 g, 40 mmol) and 2-propanol (40 mL), 1,5-

difluoro-2,4 dinitrobenzene (2.04 g, 10 mmol) was added while stirring under nitro-

gen. After reacting for 2 days at room temperature, a generated precipitate was
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filtered and then rinsed several times with water. The obtained solid was dried at

80�C for 12 h in a vacuum to provide a yellow powder (2.243 g, 79%).

Synthesis of Pre-PBO

Under a nitrogen atmosphere, 1,5-diisopropoxy-2,4-dinitrobenzene (0.284 g,

1.0 mmol) was dissolved in NMP (3 mL), to which terephthalaldehyde (0.134 g,

1.0 mmol), FA (10 mmol), and AuPd/C (30 mg, 2.5 mol %) were added, and the

mixture was stirred at 80�C for 24 h. After the catalyst was filtered off, the solution

was poured into 80 mL of methanol to produce a precipitate, which was filtered

and rinsed several times with methanol. The obtained solid was then dried at

80�C for 24 h in a vacuum to produce a dark-purple powder (0.336 g, yield 93%).
1H-NMR (400 MHz, tetrahyrofuran [THF]-d8) d [ppm] = 8.840 (s, 2H), 8.16–8.11 (m,

4H), 6.95 (s, 1H), 6.82 (s, 1H), 4.71–4.64 (m, 2H), 1.41 (d, 12H) (Figure S19).
13C-NMR (100 MHz, THF-d8) d [ppm] = 151.7, 137.2, 132.5, 129.3, 127.8, 127.2,

127.0, 124.9, 122.4, 72.1, 21.5 (Figure S20).

Conversion of Pre-PBO to PBO

One gram of the pre-PBO was weighed out and heated at 300�C in an annealing

oven under a N2 atmosphere for 6 h to ensure complete conversion to PBO.

Stability Test of the PBO and Zylon at Room Temperature

The PBO (100 mg) and Zylon (100 mg) were immersed in different solvents (10 mL)

and stored at room temperature for 1 month. Thereafter, the solid was filtered

and dried at 80�C for 24 h under vacuum.

Stability Test of the PBO and Zylon in Boiling Water

The PBO (100 mg) and Zylon (100 mg) were boiled in water at 100�C for 5 days.

Thereafter, the solid was filtered and dried at 80�C for 24 h under vacuum.

Fabrication of PBO Films

The PBO or Zylon (500 mg) were dissolved in methanesulfonic acid at 80�C for 5 h.

The solution was then cast on a glass substrate to obtain a thin film, which was dried

at 80�C for 3 h and 130�C for 3 h. The film was peeled off the glass substrate by

immersing the substrate in water. The obtained film was dried at 80�C for 12 h under

vacuum for further mechanical tests.

Characterization

Samples for TEM and HRTEM analyses were prepared by depositing a single drop of

diluted NP dispersion/suspension on amorphous-carbon-coated copper grids. Im-

ages were obtained by a JEOL 2010 transmission electron microscope (200 kV).

TEMwith a field-emission electron source and STEM analyses were obtained on a Hi-

tachi HD2700C (200 kV) with a probe aberration correction at Brookhaven National

Laboratory. X-ray powder diffraction patterns of the samples were collected on a

Bruker AXS D8-Advanced diffractometer with Cu Ka radiation (l = 1.5406 Å). The

compositions of theNPsweremeasured by ICP-AES. For ICP-AES analyses, the dried

NPswere dissolved inwarmaqua regia (�70�C, 30min) to ensure the complete disso-

lution of metal into the acid. The solution was then diluted with 2% HNO3 solution.

The measurements were carried out on a JY2000 Ultrace ICP atomic emission spec-

troscope equipped with a JY-AS 421 autosampler and 2,400 g mm�1 holographic

grating. Electrochemical measurements were carried out on an Autolab 302 poten-

tiostat (Eco Chemie, the Netherlands) with GC-RDE (0.196 cm2) as a working

electrode, Ag/AgCl (4 M KCl) as a reference electrode, and graphite rod as a counter

electrode. The reference electrode was calibrated to RHE before themeasurements.
1640 Matter 1, 1631–1643, December 4, 2019



XPS was performed on an ESCA 210 and MICROLAB 310D spectrometer using a Mg

KR source. The analyses of products after tandem reactions were carried out by gas

chromatography-mass spectrometry (GC-MS) using an Agilent 6890 gas chromato-

graph coupled to a 5973 mass spectrometer detector with a DB-5 (Agilent) fused

silica capillary column (length 3 internal diameter 30 m 3 0.25 mm, df 0.25 mm)

and helium as carrier gas. The gas chromatograph was temperature programmed

from 65�C (3 min initial time) to 300�C at 6�C min�1 (isothermal for 20 min final

time). The mass spectrometer was operated in the electron impact mode at 70 eV

ionization energy. Mass spectrometric data were acquired and processed using the

GC-MS data system (Agilent Chemstation). Compounds were identified by gas chro-

matographic retention index and mass spectrum comparison with authentic stan-

dards, literature, and library data, and unknown compounds were characterized by

interpretation of the fragmentation pattern of their mass spectra. A TGA/DSC 1

STARe System from Mettler Toledo provided with a horizontal balance was used to

measure the thermal stability. Approximately 10 mg of sample was placed in an

alumina pan and heated from 100�C to 900�C or 300�C to 900�C with an 80-mL

min�1 nitrogen purge and heating rate of 10�C min�1. The change in weight was

continuously registered. The tensile strength of sample films was tested with a con-

stant span length of 5 cm using upper/lower grips (Instron 2714-006) on an Instron

5942 load frame. Load was applied by moving the crosshead at a rate of 0.1 mm

min�1 whilemeasuring the force with a 500-N load cell (Instron 2580-105). The tensile

strength was evaluated from the breaking load, the width of the specimen, and its

thickness. GPC was performed using an Agilent 1260 equipped with two Poroshell

120 EC-C18 columns heated at 35�C (4.63 100mm, 2.7 mm) and aUV-vis diode-array

detector and refractive detector. The eluent was inhibitor-free THF, and the system

was calibrated with standard polystyrene standards ranging from 580 to 1,500,000

Da. UV-vis absorption spectra were measured using an Agilent Technologies Cary

5000 UV-Vis Spectrophotometer. PBO samples were dissolved in methanesulfonic

acid (MSA) (concentration 7 3 10�6 g mL�1) for the measurements. The solution PL

measurements were performed on an Edinburgh Instruments Fluorescence Spec-

trometer FS5. The samples were dissolved in MSA for measurements. The PL mea-

surements were employed with excitation at 335 nm for monomer and 365 nm for

dimer, tetramer, PBO, and Zylon.
DFT Calculation

DFT calculationswere performedusing the ViennaAb Initio Simulation Package1with

the projector-augmented wave pseudopotentials.2 The exchange-correlation inter-

action was described by Perdew-Burke-Ernzerhof functional.3 A plane-wave energy

cutoff of 400 eVwas used for all calculations. The Au/Pd (111) surface for FA dehydro-

genation wasmodeled by a four-atomic-layer slab (64 atoms). For the hydrogenation

of nitro groups and the condensation of amino and carbonyl groups, a three-atomic-

layer slab (144 atoms) was adopted. The adjacent computational slabs were sepa-

rated by a 15-Å vacuum in the normal direction of the surface. The atoms in the top

two layers were fully relaxed while the rest of the atoms were fixed in the equilibrium

positions. The Brillouin zone was sampled with a 3 3 3 3 1 k-mesh according to the

Monkhorst-Pack scheme.4 The free energy of reaction intermediatewas calculated as

G = EDFT + ZPE+

Z
CPdT� TS; (Equation 1)

where EDFT is the total energy of the surface with the intermediate; ZPE, CP, and�TS

are the zero-point energy, heat capacity, and entropy corrections calculated on the

basis of the molecular vibration analysis at T = 300 K.5 We assume that any changes

in the vibrations of the metal surface caused by the adsorbate are minimal.
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Supplemental Information 
 

 
 
Figure S1. Hydrolysis and ring opening of benzoxazole catalyzed by phosphoric acid. 
 
 

 
 
Figure S2. TEM images of Au NPs. (A) 10 nm. (B) 6 nm. (C) 4 nm. 
 
 

 
 
Figure S3. TEM images of Au39Pd61/C with different NP sizes.  (A) 10.5±0.2 nm. (B) 6.4±0.3 nm. (C) 4.3±0.2 nm. 
 
 

 
 
Figure S4. HRTEM image of as-prepared Au39Pd61 NPs. 

 



 
 
 

 
 
Figure S5. XRD patterns of Au39Pd61/C with four different NP sizes of 10 nm (Green), 8 nm (Blue), 6 nm (Red) 
and 4 nm (Black). 
 
 

 
Figure S6. XRD patterns of AuPd NPs with different Au/Pd compositions. 
 

 
Figure S7. XPS of (A) Au 4f and (B) Pd 3d of Au39Pd61 NPs of different sizes from 4 to 10 nm. 
 
 

 
Figure S8. TEM image of 8 nm AuPd after polymerization. 
 



 
 
 

 
Figure S9. CV of AuPd NPs before and after polymerization reaction. The I-V curves were obtained in 0.5 M 
H2SO4 with a scan rate of 50 mV/s. 
 

 
 
Figure S10. XPS of (A) Au 4f and (B) Pd 3d of 8 nm Au39Pd61 NPs before and after polymerization reaction. 
 
 
 

 
 
Figure S11. TGA data of pre-PBO prepared from one-pot reaction catalyzed by 8 nm Au39Pd61/C. 
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Figure S12. FT-IR spectra of PBO and Zylon®. 
 

 
 
 
Figure S13. (A) Absorption and (B) PL spectra of PBO and Zylon® in methane sulfonic acid (7 × 10-6 g/mL). 
 
 
 
 

 
 
Figure S14. (A) The GPC chromatograms of pre-PBOs formed using different sizes of AuPd NPs. (B) The GPC 
chromatograms of pre-PBOs formed in three consecutive reactions by using same batch of 8 nm AuPd 
catalyst. 
 
 
 



 
 
 

 
 
Figure S15. (A) The customized cutter for PBO samples. (B) The testing system for PBO samples. (C) SEM 
image of the PBO sample. (D) SEM image of the Zylon® sample. 
 

 
 
Figure S16. (A) The TOF values for FA dehydrogenation catalyzed by Au39Pd61/C with AuPd in four different 
sizes: 10, 8, 6 and 4 nm. Reaction conditions: Au39Pd61/C (2.5 mol%), NMP (3 mL), and FA (10 mmol), 80 °C, 1 
h. (B) The AuPd NP size dependent yields of 1,5-diisopropoxy-2,4-diaminobenzene synthesized by the 
Au39Pd61/C-catalyzed dehydrogenation of FA and the hydrogenation of 1,5-diisopropoxy-2,4-dinitrobenzene. 
Reaction conditions: Au39Pd61/C (2.5 mol%), 1,5-diisopropoxy-2,4-dinitrobenzene (1 mmol), NMP (3 mL), and 
FA (10 mmol), 80 °C, 2 h. (C) The AuPd NP size dependent yields of bis-imine formed by the Au39Pd61/C-
catalyzed condensation of 1,5-diisopropoxy-2,4-diaminobenzene and benzaldehyde. Reaction conditions: 
Au39Pd61/C (2.5 mol%), 1,5-diisopropoxy-2,4-diaminobenzene (1 mmol), benzaldehyde (2.1 mmol), NMP (3 
mL), 80 °C, 3 h. 
 
 

 
 
Figure S17. Atomic structures of the DFT optimized amino and carbonyl groups on the MM optimized AuPd 
TO (111) surfaces. Yellow, cyan, gray, blue, red, and white spheres represent Au, Pd, C, N, O, and H atoms, 
respectively. 
 
 



 
 
 

 
Figure S18. The calculated density of states of the d-band of the surface Pd atom for the AuPd (111), AuPd 
(111) under 2% compression, and the AuPd edge. The vertical solid lines indicate the d-band centers. The 
atomic model for the AuPd edge is shown in the inset: yellow and cyan spheres represent Au and Pd atoms, 
respectively. 
 
 
 

 
 
Figure S19. 1H-NMR (400 MHz, THF-d8) for pre-PBO. 
 



 
 
 

 
Figure S20. 13C-NMR (100 MHz, THF-d8) for pre-PBO. 
 
 
Table S1. Au, Pd composition changes of the Au39Pd61 NPs with different sizes. The compositions were 
measured by XPS to obtain the surface information. 

 
 
 
Table S2. Au, Pd composition changes of the AuPd NPs before and after polymerization reaction. The 
compositions were measured by ICP, XPS and electrochemistry to obtain NP composition (ICP) and NP surface 
composition (XPS/Electrochemistry) information. 
 

 
 
 
Table S3. The yields of bis-imine formed by the condensation of 1,5-diisopropoxy-2,4-diaminobenzene and 
benzaldehyde. Reaction conditions: Au39Pd61/C (2.5 mol%), 1,5-diisopropoxy-2,4-diaminobenzene (1 mmol), 
benzaldehyde (2.1 mmol), HCOOH (10 mmol), NMP (3 mL), 80 °C, 3 h.  
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